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Abstract

An experimental result of the creation of cavitation bubbles and expansion waves by underwater shock wave reflection at
the interface is shown in this work. The purpose of the research is to shed light on the phenomena of shock wave
interaction as it pertains to the process of shock wave injury to human flesh. A micro-explosive, namely a silver azide
pellet, was detonated underwater in order to produce a shock wave. An ultra-high-speed framing camera captured the
process at high spatiotemporal resolution, while the shadowgraph approach visualised the underwater shock wave
reflection at the interface, expansion wave, and cavitation bubble formation. At the same time, a needle hydrophone
recorded the changes in pressure over time at the water's interface. A compression wave (shock wave) was reflected off a
thin interface plate (Polystyrene, acrylic, Teflon, thickness of t=0.5 mm), and an expansion wave was subsequently
produced in water by reflection from the air, as seen in high-speed shadowgraph sequential photographs. Also, the
expansion wave was accompanied by the formation of a cavitation bubble. An expansion wave followed the shock wave,
according to the pressure history that was observed at the same time. Compared to water surface contact, the negative peak
pressure of the expansion wave in the case of shock wave interaction with a thin plate was bigger.
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1. Introduction

Underwater shock wave and expansion wave propagation and their induced phenomena such a cavitation bubble
generation, related to human tissue damage by shock wave interacting with human body, are an important area of
research for shock wave medical and biomedical application (Delius 1994, Tomita 1994, Takayama and Saito 2004,
Nakagawa et al., 2011 and Ohtani and Ogawa 2015). Human tissue damage is caused by following effects of pressure
wave propagation, that is, a rapid pressure increase and high overpressure interacting by shock wave, and drastic
pressure decrease and cavitation bubble generation by expansion wave. Kedrinskii (1975, 1976) and Ohtani et al.,
(2009, 2011) have investigated the expansion wave generation by small charge-induced underwater shock wave
reflecting from the water surface. Cavitation bubble was generated at the area under the water surface by interacting the
expansion wave. Acoustic impedance Z is defined as Z=pc, where p is the density of the material, ¢ is the
speed of sound. Additionally, the reflection coefficient R, and the transmission coefficient 7, are determined by the
following equations,
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where P,, P, and P, are respectively, the incident, reflected and transmitted shock wave peak pressure. Z, and Z,
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are the acoustic impedance of the material on the incident and transmission sides, respectively. Therefore, in the case of
the interface of water and air, R, is a negative value, that is, reflective pressure wave become expansion wave.

Human body is composed of various tissues has different acoustic impedance. The acoustic impedance of human
tissue (Nakagawa et al., 2011) ranges from hard tissue (for example, bone (Z=2.1-7.8 x 10° kg/(m?s))) to soft tissue
(brain (Z=1.58 x 10° kg/(m?s))) and biological liquid (blood (Z=1.61 x 10° kg/(m?s))). Naturally, there is individual
variability in acoustic impedance. Shock wave propagation phenomena in human tissue is very complex by the
different acoustic impedance, and the position of each tissues

The effect of acoustic impedance is considered to be important in shock wave interaction phenomena related to
shock wave human tissue damage. According to the previous research about underwater shock wave interaction
phenomena with a 1.0 mm thickness plate (Ohtani and Ogawa 2015), an expansion wave was generated by the
transmitted shock wave reflecting from the interface of an acrylic and aluminum thin plate and air, with a cavitation
bubble subsequently occurring near the interface. The negative peak pressure of the expansion wave in the case of
water, acrylic plate and air interface was lower than in the case of water and air, because of the large difference in
acoustic impedance between the propagation medium and air. However, it is not still enough for understanding of the
shock wave interaction phenomena related to the shock wave human tissue damage.

In this study, an experiment of expansion wave and cavitation bubble generation by an underwater shock wave
reflection with the interface was performed for understanding of shock wave interaction phenomena related to the
mechanism of shock wave human tissue damage. Especially, the effect of plate thickness and acoustic impedance for
the shock wave interaction with the interface was investigated. Actually, shock wave propagation in human tissue is
complex three-dimensional phenomena. However, in this study, we have investigated shock wave interaction
phenomena in a simple 1-dimension model by a thin plate. The process of reflected shock wave and expansion wave
propagation by micro-explosive induced underwater shock wave interaction with the interface of water, a thin plate and
air was visualized by shadowgraph method and recorded by ultra-high-speed framing camera at high spatiotemporal
resolution. The pressure time history near the interface in water was measured simultaneously with the ultra-high-speed
shadowgraph optical visualization by a pressure sensor.

2. Experimental setup

Figure 1 shows the experimental setup for observation of expansion wave and cavitation bubble generation by an
underwater shock wave reflecting the interface in a stainless steel water-filled chamber. The water chamber with
dimensions of 200 x 200 x 200 mm was used, which was equipped with a 200 x 200 mm acrylic observation window on
the both side of the water chamber. An underwater shock wave was generated by detonating a micro-explosive pellet
(silver azide, AgN;, Showa Kinzoku Kogyo Co., Ltd., density of 3.8 g/cm® weight of 10+0.1 mg, diameter of 1.5 mm,
length of 1.5 mm). The micro-explosive pellet is glued at the tip of a quartz optical fiber (G.C. 600/750, Fujikura Ltd.)
and placed at a distance of about 20 mm from the interface, that is the interface of water and a thin plate. In this study, a
thin plate made of acrylic, polystyrene (PS), and Teflon (TF) (100 x100 mm, thickness of =0.5, 1.0, and 2.0 mm) are
used as the interface with water.

A Q-switched pulsed Nd: YAG laser beam (SAGA220, B.M. Industries, 1064 nm in wavelength, 7 ns pulse
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Fig. 1 Schematic diagram of the experimental setup for observation of expansion wave and cavitation bubble generation
near the interface.
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Table 1 List of acoustic impedance values.

Material Density Sound of speed [Acoustic impedance
p [kg/m?] ¢ [m/s] Z = pc [kg/(m?s)]
Air"™! 1.2929 331.45 428.6
Water"! 1.00 x 10° 1500 1.50 x 10°
Polystyrene™ | 1.048 x10° 2266 2.37x10°
Acrylic™ 1.184 x 10° 2640 3.13x10°
Teflon™ 2.15x10° 1390 2.99 x 106

*I National Astronomical Observatory of Japan (2015)

*2 Raum and Brandt (2003)
duration, about 25 mJ per pulse) was guided through the optical fiber and then ignited the micro-explosive pellet. Table
1 shows the list of acoustic impedance values for air, water (National Astronomical Observatory 2015) and solid
materials (Raum and Brandt 2003) used in this study. The acoustic impedance of human tissue is less than about 8.0 x
10° kg/(m?s) (Nakagawa et al. 2011). A human tissue is able to simulate about the acoustic impedance by using these
materials.
The process of expansion wave and cavitation bubble generation were visualized at ultra-high-speed by the
shadowgraph method and recorded by the ultra-high-speed framing camera (Imacon200, DRS Technologies Inc.,
resolution of 1200 x 980 pixel per frame). The optical setup for the shadowgraph method was constructed though use of
the parallel beam collimating flash lamp light (PE-5651, Panasonic Inc.) and a parabolic mirror (focal length of 1,000
mm, diameter of 190 mm) (Ohtani and Ogawa 2015). The observation was performed at the inter-frame time of 500 ns
(2Mfps) and the exposure time of 10 ns.

The pressure history in water near the interface was measured simultaneously with the ultra-high-speed
shadowgraph optical visualization by a spatiotemporal needle hydrophone (Platte Needle Probe, Miiller Instruments,
detectable pressure range of -10 to 200 MPa, sensitive diameter of 0.5 mm, rise time of 50 ns) and recorded by a digital
oscilloscope (DL750, YOKOGAWA Corp., sampling speed of 10MS/s). The needle hydrophone was placed under a
thin plate in water though the plate with a hole at its center.

3. Results and discussions
3.1 High-speed shadowgraph sequential images

Figure 2-5 show high-speed shadowgraph sequential images of underwater shock wave reflection the interface. The
case of water-air interface is shown in Fig. 2. At 12.0 us after ignition of the micro explosive pellet, the induced
underwater shock wave almost reached the interface. The shock wave was reflected from the interface of water and air
as an expansion wave. The pressure near the water surface was decreased by propagation of the expansion wave, and
cavitation bubble was created behind the expansion wave. Especially, the area near the water surface became dark by
creating of cavitation bubble in large numbers.

The case of water, polystyrene (PS) (plate thickness of /=0.5 mm) and air interface is shown in Fig. 3. The
underwater shock wave was reflected at the interface, along with multiple other waves. The first reflected wave is a
reflected shock wave (compressive wave). The secondary wave is an expansion wave, because of cavitation bubble is
created behind this wave. The first wave is reflected form the thin PS plate, and the secondary wave is the reflected
expansion wave from the interface of PS and air. This expansion wave and the subsequent waves were generated by the
transmitted compressive wave propagating and reflecting repeatedly in the thin PS plate. The interval between the first
and the secondary reflected wave fronts measured by the sequential images was about 0.73 mm, equal to the
propagation distance in water over the time required for propagating across the thin plate at the sound speed of PS.

The case of water, acrylic (plate thickness of /=0.5 mm) and air interface is shown in Fig. 4. Acrylic has higher
acoustic impedance than PS. In this case, the underwater shock wave was also reflected at the interface, followed by
multiple other reflected waves. In the same way as in the case of a PS plate, the first reflected wave is a shock wave and
the secondary wave is an expansion wave, behind this wave cavitation bubble is created. But the wave front of the first
reflected wave became clear, that is, the shock wave pressure was increased by reflection with the high acoustic
impedance medium relative to PS. The interval between the first and the second reflected wave front is shorter than that
in the case of a PS plate.

The case of water, Teflon (TF) (plate thickness of /=0.5 mm) and air interface is shown in Fig. 5. TF has acoustic
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Fig. 2 Sequential shadowgraph images of reflected shock wave and expansion wave propagation by underwater shock
wave interaction with the interface of water and air.

(i) =16.0us O ()=l6sus (k) =17.00s () t=17.5ps

Fig. 3 Sequential shadowgraph images of reflected shock wave and expansion wave propagation by underwater shock
wave interaction with the interface of water, polystyrene (PS) and air. (plate thickness of 0.5 mm)

impedance that is higher than PS, but is lower than acrylic, and slower sound speed than PS and acrylic. The interval
between the first and the second reflected wave front is longer than that in the case of a PS and acrylic plate, because of
lower sound speed of Teflon.

These shock wave propagation behaviors in the case of plate thickness of 0.5 mm agree with the result in plate
thickness of 1.0 mm in the previous study (Ohtani and Ogawa 2015).

3.2 Pressure histories near the interface

Figure 6 shows the measured pressure histories near the interface in water at a distance of about 3 mm from the
interface simultaneously with the ultra-high-speed shadowgraph optical visualization by a needle hydrophone.

In all interface cases, at about 10-11 ps after ignition of the micro-explosive pellet, the incident shock wave
reached the tip of the needle hydrophone, after which the pressure raised sharply and reduced immediately. Further,
after 14 s, the reflected wave was detected. In the interface case of water and air, as shown in Fig. 6(a), when the
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Fig. 4 Sequential shadowgraph images of reflected shock wave and expansion wave propagation by underwater shock
wave interaction with the interface of water, acrylic and air. (plate thickness of 0.5 mm)

(1) t=16.0us (j) t=16.5us (k) t=17.0us () t=17.5us

Fig. 5 Sequential shadowgraph images of reflected shock wave and expansion wave propagation by underwater shock
wave interaction with the interface of water, Teflon (TF) and air. (plate thickness of 0.5 mm)

reflected wave, that is, the expansion wave, arrived, the pressure decreased to about -4.6 MPa. However, in the case of
water of water, a polystyrene (PS) thin plate and air as shown in Fig. 6(b-1, b-2, b-3), two reflected waves with
relatively high amplitude arrived as a shock wave and an expansion wave compare to the interface case of water and
air. The negative peak pressure of the expansion wave reached -9.9 MPa (1.0 mm PS plate), which is lower than the
interface case of water and air. But in the case of a thick plate comparatively (thickness /=2.0 mm), the wave profile of
reflected shock wave was distorted, and the pressure pulse width was increased by the effect of plate thickness. In the
case of water, a thin acrylic plate and air as shown in Fig. 6(c-1, c-2, c-3), two reflected waves arrived as a shock wave
and an expansion wave as is the case with a PS thin plate. The peak overpressure of the reflected shock wave was lager
amplitude than that in the case of a PS thin plate, because of the reflection coefficient R, is lager. In the case of water,
a thin Teflon (TF) plate and air as shown in Fig. 6(d-1, d-2, d-3), similarly, two reflected waves arrived as a shock
wave and an expansion wave. In a TF thin plate case at 1.0 mm thickness, the wave profile of reflected shock wave was

distorted, and the pressure pulse width was increased.
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Fig. 6 Pressure histories near the interface of underwater shock wave interaction with the interface.

Table 2 List of reflection coefficients.

Interface / plate thickness (mm) Ry ep=P/Pi | Rymeo=(Z2-Z1)/(Z2+Z1)
0.5 0.24
water-PS-air 1.0 0.30 0.21
2.0 0.20
0.5 0.33
water-acrylic-air 1.0 0.38 0.35
2.0 0.26
0.5 0.33
water-Teflon-air 1.0 0.29 0.33
2.0 0.22

In all interface cases, in term of the negative peak pressure of the expansion wave, the negative peak pressure of a
thin plate and air is lower than at water surface within the range of this experimental condition. But, in the negative
peak pressure these experimental results show no clear trend with the different plate thickness.

Table 2 summarizes the data for reflection coefficients R, calculated by using Eq. (1) from the measured shock
peak over pressure data and acoustic impedance values (Table 1). The reflection coefficient calculated form the
experimental results R,.., at a plate thickness of /= 1.0 mm is larger than at /=0.5 mm in the plate case of PS and
acrylic. However, R,..p, is smaller with the thicker plate by the distorted pressure wave profile. The theoretically
calculated reflection coefficient R, /e 1s in rough agreement with R.cxp.
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4. Conclusion

The experimental investigation aimed at understanding the process of shock wave human tissue injury by generating
expansion waves and cavitation bubbles by an underwater shock wave that reflected at the interface. In order to create an
expansion wave in water, a compression wave (also known as a shock wave) was reflected off a thin interface plate made
of PS, acrylic, or Teflon with thicknesses of t=0.5 mm, 1.0 mm, or 2.0 mm. Also, the expansion wave was accompanied
by the formation of a cavitation bubble. An expansion wave followed the shock wave, according to the pressure history
that was observed at the same time. Compared to water surface contact, the negative peak pressure of the expansion wave
in the case of shock wave interaction with a thin plate was bigger. In the case of PS and acrylic plates, the predicted
reflection coefficient Rp-exp grows as the plate thickness increases, according to the experimental data. There is a general
agreement between Rp-exp and the reflection coefficient Rp-theo, which is derived from theoretical calculations.
Using the effects of the material's acoustic impedance and the thickness of a thin plate for a qualitative assessment, this
study presents experimental findings of shock wave contact with the interface composed of simulated biomedical
materials. In order to quantitatively assess these occurrences, further theoretical and experimental research is required.
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